Abstract. The presence of heavy ions in a plasma introduces additional characteristic frequencies one of which is a crossover frequency between each adjacent pair of gyrofrequencies of the ions present. The crossover frequency is controlled by the fractional ion charge densities. The phase speed of the L and R wave modes have the same phase velocity at this frequency. For oblique propagation waves become linearly polarized at the crossover frequency. They reverse their natural polarization from left to right (or vice versa) as the wave frequency transverses the crossover frequency. Here we present polarization analysis of a portion of the Ulysses magnetometer observations in the middle Jovian magnetosphere during the inbound pass and close to a plasma sheet approach. The analysis show transverse waves with frequency between the gyrofrequencies of SO + and S + . We observe polarization reversal at this frequency, which could be an indication of wave observations at the crossover frequency. On this assumption these observations can then be used to derive heavy ion composition of the resident plasma.
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Introduction
When energy arising from electron precipitation was found not to be sufficient to account for jovian auroral emission, the idea put forward was that precipitation of energetic protons and ions could contribute to the energy balance. The favored wave mode for scattering protons and ions is the ion cyclotron (IC) mode [Thorne, 1983] . IC waves can resonantly interact with ions and pitch angle scatter them into the loss cone at the strong diffusion limit. The ions then precipitate into the auroral zone which causes depletion of high energy ions in the inner and possibly the middle Jovian magnetosphere. A resonant interaction between a wave and a spiralling ion occurs when, in the frame in which the ion's centre of gyration is stationary, the wave frequency is an integral multiple of the gyrofrequency ω − k · v = sΩc where ω and k is the frequency and wavevector of the wave, v, Ωc is the particle's velocity and gyrofrequency, and s is the harmonic number.
The Jovian plasma is a multicomponent one. Neutral atoms and some of the ions present in the Jovian magnetosphere, arise from Jupiter's moon Io, possibly through sputtering from high energy particles. These particles then become ionised in the Io Torus by impact of electrons or ions already in the torus, and are then transported outwards and become part of the plasma sheet. The Io torus and the magnetospheric material in general, are mainly sulfur and g. McNutt et al., 1981; Geiss et al., 1992, and Frank et al., 1996] .
In a cold multicomponent plasma the dispersion relation for IC waves shows that they occur below the gyrofrequency of the heaviest ion in the distribution and for limited bands of higher frequencies. If the mass/charge ratios of ions in a multicomponent plasma are not known, they can be found from a knowledge of the ion gyrofrequency resonances and additional characteristic frequencies [Smith & Brice, 1964] . The presence of heavy ions in a plasma introduces additional characteristic frequencies at which the wave refractive index becomes infinite or zero. In addition a crossover frequency also results, at which the phase speed of the L and R wave modes have the same phase velocity. For oblique propagation waves become linearly polarized at the crossover frequency. They reverse their natural polarization from left to right (or vice versa) as the wave frequency transverses the crossover frequency. Rauch & Roux [1982] with their ray tracing study of ULF waves in multicomponent magnetospheric plasmas, showed that when IC waves are guided, they suffer a polarization reversal at the crossover frequency and continue to be guided up to the bi-ion frequency. In the terrestrial magnetosphere the waves could bounce a few times between mirroring points along a field line, before they are absorbed. Horne & Thorne [1997] in a further ray tracing study, showed that growth and absorption could occur on a single equatorial pass, when the waves undergo cyclotron resonant absorption near the bi-ion frequency.
In this letter we present a detailed analysis of an interval of the Ulysses magnetometer data inside the middle Jovian magnetopshere. For a more detailed discussion of Ulysses observations in the middle Jovian magnetosphere see Petkaki & Dougherty [2000] . Here we present polarization analysis results of wave signatures occuring during the inbound pass of the spacecraft and close to the plasma sheet at distances of ∼37 to ∼34 RJ from the planet (along the magnetic equator) and ∼2 to ∼6 RJ from the planet (along the magnetic rotation axis). During these events the spacecraft was thus moving away from the magnetic equator towards higher magnetic latitudes. An interpretation of the analysis is that there is evidence of waves propagating close to the crossover frequency between the gyrofrequencies of the heavy ions S + , and SO + or F e + .
Method and Data Analysis
High resolution Ulysses magnetometer data is of one second resolution. In analysing the data we introduce a running window average of 120 seconds, stepping every second. From the Jovian system III coordinates we transfer the data into field aligned coordinates (FAc). We define Z as along the background field which is essentially in the radial direction in the middle magnetosphere. X is in the meridian (north-south direction) and approximately in the θ direction and Y is then approximately in the φ direction, explicitly:ẑ = B/|B|,x =ẑ ×φ/|ẑ ×φ|, andŷ =ẑ ×x. Any transverse waves will appear as disturbances in the X and Y directions, and any compressional waves will appear as disturbances in the Z direction. Bz is cubic detrended. We fast Fourier transform the data and compute the dynamic power spectrum using standard routines. In the dynamic power spectra plots we overplot the gyrofrequencies of ions with mass per unit charge of 16 (O + , S ++ ), 23 (Na + ), 32 (S + ), 39 (K + ), 48 (SO + ), and 64 (SO + 2 ). We used dynamic power spectra plots in FAc to trace wave activity.
In order to identify the type of waves occuring, polarization analysis of the waves is an important tool. Polarization analysis when a spectrum of wave frequencies is present is not straightforward. For example, in hodograms of field components, the polarization of the wave can be hidden behind fast fluctuations. A way to proceed is by filtering out fluctuations and thereby obtaining quasi-monochromatic waves. We proceed by filtering the data using a bandpass filter centered on the frequency of the peak with highest power in the power spectrum. Hodograms of the filtered components of Bx and By show the polarization of the waves in the specific frequency range and in the plane perpendicular to the direction of the background field Bz. We use standard MATLAB routines to design band-pass, elliptic filters, with 0.1 decibels of ripple in the passband and a stopband of 20 decibels down.
A dynamic power spectrum of magnetic field data from day 37 between 20:30 to 23:30 is shown in Fig. 1 ) as a function of Bm . Strong wave activity is present both before and after the current sheet encounter at ∼22:00, which is the third of day 37. We do not analyse the wave activity during the current sheet encounter due to the uncertainty in the calculation of the various ion gyrofrequencies (since Bm is varying very rapidly during the encounter).
During the first outrider of this encounter wave activity of moderate power is observed at ∼ 21:01-21:20. The dynamic power spectrum shows peaks between ratios 48 to 32, where both transverse components peak together and the compressional one peaks at similar frequencies to the transverse components but with less power. After the current sheet encounter between 22:40-23:15, we observe the highest peak in the power spectrum between ratios 48 to 32 (see Fig. 1 ). Here all the components peak together, but the transverse components have about an order of magnitude more power than the compressible one does (for individual power spectra of these two events see Petkaki & Dougherty [2000] , Fig. 2 and 3 ). We proceed with the polarization analysis of the events. The data is transformed into FAc (Fig. 2) . In the event of day 37, 21:00-21:20 the wave amplitude maximum is close to ∼7mHz. We filtered the data using a bandpass filter of 6-8 mHz which is centered around ∼7mHz. A hodogram of the filtered components of Bx and By shows righthand elliptical polarization for longer than 4 wave periods.
In the event of day 37, 22:40-23:15 the wave amplitude maximum is close to ∼8mHz. We filtered the data using a bandpass filter of 7.1-8.6 mHz which is centered around ∼8mHz. In Fig. 3 we see in a) and b) data plots of Bx and By, day 37, 22:42-23:13 in original and filtered form. In the same Figure, c ) and d) plots show the Fourier transform of Bx and By (same interval) before and after filtering (bold line). The vertical lines on the same graphs show the limits of the filter. In Fig. 4 we see hodograms of the filtered components of Bx and By. The polarization properties of the wave change during the event. Initially the polarization of the signal is righthand elliptically polarized (for 4 wave periods) then it becomes linear (for 3 wave periods) and then it becomes quasi-linear (for 5 wave periods), with a rotating plane of oscillation. Finally, it becomes lefthand elliptically polarized for 5 wave periods. Polarization properties of the wave are changing as the spacecraft moves to higher magnetic latitudes and as Bm increases. At the same time the Jovian magnetosphere is rotating with the spacecraft initially approaching and then moving away from the magnetodisk. This means that there are spatial effects on the data, which need to be kept in mind. Spatial effects could result in density gradients being observed in the composition of heavy ions.
Discussion
For field aligned wave propagation in cold plasma, the two possible electromagnetic wave modes are either left-or right-hand circularly polarized with a refractive index of
where ωp,α = (nαq 2 α / o mα) 1/2 , Ωα = qαB/mα are the plasma and gyrofrequency of each species and ω is the wave frequency [see Smith & Brice, 1964; Thorne & Moses, 1985] . The summation is made over electrons, and all (positive and negative) ions in the plasma.
In the more general case of oblique propagation the fluctuating electric field vector of each permitted wave mode contains both left-or right-hand polarized components. When a plasma contains more than one ion species, a set of characteristic crossover frequencies, ωCR, exist for which the rightand left-hand modes propagate at the same parallel phase velocity. These occur between each adjacent pair of gyrofrequencies at a frequency controlled by the fractional ion charge densities, Nα = nαqα/ene
At this frequency energy can be converted from one mode to the other efficiently. The process becomes less efficient as the angle of propagation increases. Waves are generated with lefthand polarization (for non-relativistic particles) and therefore can couple energy from one wave mode to another very efficiently for the special case of parallel propagation as they propagate in a non-homogeneous plasma. For propagation at an angle they change polarization [Rauch & Roux, 1982] . They become linearly polarised at the crossover frequency. Each wave mode exhibits a natural reversal of its predominant polarization as the wave transverses the crossover condition owing to propagation within an inhomogeneous plasma. The crossover frequency between two ion gyrofrequencies depends on the relative concentration of the two ions [Rauch & Roux, 1982, and Thorne & Moses, 1985] . Let us return to the event on day 37 between 22:40-23:10. An implication of the polarization analysis is that the waves observed at 8mHz are occuring at the crossover frequency between SO + and S + (Fig 1) . On following this implication through we can use Eq. 1 to calculate the ratio of the number densities of these two ions. We begin by using the measurements of EPAC, one of the energetic particle instruments onboard Ulysses [Keppler et al., 1992] to infer an upper limit to the relative ion concentration of SO + . In particular from Table 1 in Keppler et al. [1992] we know that S + /H + = 0.0042 and the ion to proton concentration of the rest of the ions, which when summed up is i ai = 0.0544, where ai is the fraction of ion/proton number density and the total number density is ne = np + a S + np + i ainp. We use the section of Table 1 inside of the current sheet, when measurements of EPAC showed flux maxima, since during the IC events under discussion the spacecraft had dipped briefly into the current sheet itself. All ions are assumed to be singly ionised, resulting in Nα = nα/ne. Eq. 1 can be written
Using Eq. 2 along with ne = np + i ainp gives np = 2.825 × 10 4 m −3 and n SO + = 99.2m −3 when ne = 3 × 10 4 m −3 [Phillips et al., 1993] and so SO + /p = 0.0035. If we introduce in Eq. 2 the ion compositions of the seven most abundunt ions from Keppler et al. [1992] and solve the equation to find the crossover frequency. The ions that we used are F e + , S + , O + , N + , C + , He + , and H + . The crossover frequency is then ωCR = 0.0061 Hz, which is well below the frequency of the peak in the power spectrum. This might be an indication that other ions, such as SO + , are also present in the plasma, since the relative concentration of resident heavy ions can change the value of the crossover frequency.
The polarization analysis presented here indicates that we have observed waves propagating close to the crossover frequency between two heavy ions which are known to be resident in the Jovian plasma. Identification of the crossover frequency between consecutive heavy ions in the Jovian plasma can then be used to confirm (or derive) ion compositions. As far as we are aware no observations of waves propagating close to the crossover frequency have been presented before in the Jovian magnetosphere. Further theorerical analysis of these observations is needed and is being undertaken by the authors.
